Introduction
The chloroplast (cp) genome has been widely used for studying phylogeny, evolution and ecology in plants (Clegg et al., 1994; Olmstead & Palmer, 1994) . The cp genome is very convenient to use from a populationgenetic standpoint because of its absence of recombination (Palmer, 1987; Palmer et al., 1988) . It thus behaves as a single unit with one unique genealogy. The Ychromosome and the mitochondrial genome which, as the cp genome, contains uniparentally inherited nonrecombining DNA, has been employed successfully in inferring the evolutionary and demographic history of humans using coalescent methods (Wilson & Balding, 1998; Pritchard et al., 1999) . The cp genome is wellsuited for a similar approach to study the evolutionary history of plants (Ennos et al., 1999; Provan et al., 2001 ).
An area in which the application of cpDNA has been successful is in the analysis of parentage in allopolyploids (Widmer & Baltisberger, 1999; Ackerfield & Wen, 2003; Abbott & Lowe, 2004 ). An example illustrating multiple origins is provided by Segraves et al. (1999) , who showed not only that Heuchera grossulariifolia has several cytoplasmic origins, but also that local populations sometimes host a mixture of cytoplasms of differing origin. This observation accords well with the current view of allopolyploids often being of multiple origin (Soltis & Soltis, 1993 , 1995 . In such cases, the time to the most recent common ancestor (T MRCA ) of the cp genome in the allopolyploid species may be as deep as the T MRCA of the cp genome in its maternal species. The cp genome of an allopolyploid species that has a single origin is expected to be much less variable than the genome of its maternal species and may even be invariable. A low level of cp variation has, correspondingly, been interpreted as a sign that the sampled allopolyploid species is of single origin (Raybould et al., 1991; Kochert et al., 1996; Widmer & Baltisberger, 1999; Sä ll et al., 2003; Ainouche et al., 2004) . Whether low levels of variation in polyploids is, in fact, because of a single polyploidization event, as suggested for Spartina by Ainouche et al. (2004) , or multiple polyploidization events involving very closely related parents, is of course very difficult to know. However, in either of these cases, a sample of lineages from the allopolyploid species will coalesce much more recently in time than a sample of lineages from its maternal species.
Allopolyploids have received considerable attention recently for their specific possibilities in the study of genome evolution (Wendel, 2000; Bennett, 2004) . The research has been focused on the nucleus and the specific conditions present in allopolyploids of two homologous genomes existing in parallel. However, the cytoplasmic genomes of allopolyploids also provide interesting opportunities for studying genome evolution. This is particularly true of species with a single origin which allows direct comparisons of different aspects of the cp genome of the allopolyploid and its maternal parent. In particular, the cp genome of an allopolyploid can be used to infer the maternal origin given a single origin of the species. If one assumes a single origin, the results from the cp are then informative about the entire species and not just the genomic component that comes from the maternal parent. However, if that assumption cannot be made, any information derived from the cp genome only concerns the genomic component that comes from the maternal parent. In the case of multiple origins of an allopolyploid, different parts of the genome (where the cp genome is one locus) will contain information about the different origins and the situation becomes much more complicated. Even if we assume a single origin of the allopolyploid species, there are some limitations of the conclusions that can be drawn from the cp genome. Most importantly, the cp genome is one locus and will therefore not provide statistical confidence in conclusions about the whole species. Moreover, conclusions that are based on one genealogy must be treated with caution as the genealogy of a single locus does not necessarily reflect the history of the species (Rosenberg & Nordborg, 2002) .
Arabidopsis suecica (2n ¼ 26) is an allotetraploid species for which a single origin has been proposed by investigating nuclear DNA markers (Jakobsson et al., 2006) as well as cpDNA sequence (Säll et al., 2003) . As the model plant A. thaliana (2n ¼ 10) is one of A. suecica's parental species, the other being A. (Cardaminopsis) arenosa (2n ¼ 16, 32; Hylander, 1957; Kamm et al., 1995; O'Kane et al., 1996) , increasing attention is currently being directed at A. suecica (Pontes et al., 2003; Sä ll et al., 2003; Chen et al., 2004; Wang et al., 2004) . In addition, several investigations using molecular techniques have recently identified A. thaliana as the maternal parent of A. suecica (Mummenhoff & Hurka, 1994; Price et al., 1994; Comai et al., 2000; Sä ll et al., 2003) . Arabidopsis suecica is highly, although not completely, selfing (Sä ll et al., 2004) . It is found mainly in central Sweden and southern Finland (Hulté n, 1971; T. Säll, unpublished data) . As its present breeding range was covered by ice during the last glaciation, which retreated some 10 000 years ago (Andersen & Borns, 1994) , there are two possible temporal scenarios for its origin. If the species is <10 000 years old, it may have originated in the wake of the retreating ice in Sweden and Finland, as Hultgå rd (1987) and Suominen (1994) have proposed. If, on the other hand, it is more than 10 000 years old, it must have originated somewhere south of the ice cover and have spread north when the ice retreated, this being followed by extinctions of all its populations outside Sweden and Finland.
In this article we will: (i) quantify and compare the levels of genetic variation in A. thaliana and A. suecica cpDNA; (ii) investigate the geographic distribution of the cpDNA variation of the two species; attempt to (iii) date the MRCA of the A. suecica cp, which, in the case of a single origin, is the lower bound on the time-of-origin of A. suecica; (iv) identify which A. thaliana accessions in a worldwide sample that are the most closely related to the A. suecica accessions. To be able to analyse the different questions in sufficient depth, we have based our studies on three partly overlapping datasets. In particular a large number of A. thaliana accessions from Sweden have been studied.
Material and methods

Plant material and experimental design
A total of 150 plants from A. thaliana and A. suecica were used in the study (Tables 1 and 2 ). Fresh young leaves from greenhouse grown plants were harvested for DNA extraction, using the Plant DNeasy kit from Qiagen (Hilden, Germany). Polymerase chain reaction (PCR)/ sequencing primers (Table S1) were designed using the OLIGO OLIGO (v.6.3) software (Molecular Biology Insights, Cascade, CO, USA) for amplifying a total of 50 fragments from the cp genome. All of the primers amplified fragments residing outside the two large repeated regions, IRA and IRB, present in the A. thaliana cp genome (Sato et al., 1999) . PCR reactions were performed in a 25 lL mixture containing 0.5 ng of template DNA, a 1x PCR reaction buffer (Applied Biosystems, Foster City, CA, USA), 2.5 mM M MgCl 2 , 0.4 lM M of each primer (DNA technology A/S), 200 mM M of each dNTP (Amersham Pharmacia Biotech, Uppsala, Sweden) and 0.75 units of AmpliTaq Gold (Applied Biosystems). The PCR products were purified using the QIAquick 96 PCR Purification Kit from Qiagen. Both strands were sequenced. Sequencing was performed using labelled dye-terminators from Beckman (Fullerton, CA, USA) (CEQ Dye Terminator Cycle Sequencing Quick Start Kit). The sequencing was carried out on a Beckman CEQ 2000 sequencer, using short capillary arrays (CEQ Separation We also re-sequenced more that 40% of the 50 fragments (all fragments that showed variation in A. suecica were re-sequenced) to get an estimate on the amount of sequencing errors in the data. No discrepancies were found. If we (conservatively) assume that our sequencing error rate was 10 )4 (Hill et al., 2000) , then an error rate of approximately 10 )8 is expected for our approach where polymorphisms were confirmed on both strands. This means that for dataset TS23 (described below), where a total of approximately 10 kb DNA were sequenced in 23 accessions, we expect approximately 2 · 10 )3 polymorphisms because of sequencing errors. All polymorphic sites within A. thaliana were submitted to The Arabidopsis Information Resource (TAIR:http://www.arabidopsis.org) with the following TAIR (polymorphism) accession numbers: 1005468356-1005468599. The term 'locus' will be used to refer to a polymorphic site and the term 'allele' will be used for the different states present at a polymorphic site.
Classification of polymorphisms and analysis of variation
The polymorphic sites detected were divided into three classes: single nucleotide polymorphisms (SNPs), insertions/deletions (indels) and simple sequence length polymorphisms (SSLPs). Polymorphic sites in nonrepetitive DNA, at which sets of bases were inserted (or deleted) in different accessions were classified as indels, polymorphic sites detected in short stretches of repeated DNA being termed SSLPs. This division was made as SSLPs can be expected to evolve at a different rate from SNPs and indels (see e.g. Li, 1997) . We computed two estimators of the well known population genetic parameter Q (Q ¼ 2lN e , where l is the mutation rate per generation and N e is the effective population size). As A. thaliana and A. suecica are highly selfing (Sä ll et al., 2004) , we can assume that both species are sufficiently highly selfing that the rate of coalescence is twice that of an equivalent outbreeding population (Nordborg & Donnelly, 1997) , hence the '2' in the expression for Q. The parameter Q can be interpreted as the expected number of mutations separating a sample of two sequences. The average number of pairwise differences (P) and the 'Watterson' estimator Q W were computed for the SNPs (for details on computing P and Q W see e.g. Li, 1997) . The estimator Q W is derived from the number of differences in the sample (and correcting for sample size) in contrast to P which estimates Q using the allele frequencies of the sample. Tajima's test is commonly used for testing whether a locus is under selection or not. The test statistic D was computed according to the procedure described in Tajima (1989) , that is, D equals the difference between P and Q W divided by the square root of the variance of the difference between P and Q W . The significance of D was evaluated by comparing it to a simulated distribution of D (Fu & Li, 1993 ) that was obtained using standard coalescent simulations (e.g. Nordborg, 2001 ). The Hudson & Kaplan (1985) method, also known as the 'four gamete test', was used to detect homoplasies at biallelic loci (SNPs and indels). For a pair of (biallelic) loci, one simply determines if all four possible combinations of the alleles are present among the sampled sequences. If all four allele-combinations are observed, this is taken as evidence of homoplasy. Clearly this method will underestimate the true number of homoplasies.
Datasets
Three datasets were generated. The first dataset, TS23, was generated by sequencing a total of 50 fragments (Table S1 ) in 15 A. thaliana and eight A. suecica accessions (Table 1 ). This dataset was generated primarily to date the T MRCA of the A. suecica cp, but was also used to evaluate the proposed single origin of the cp genome of A. suecica (Sä ll et al., 2003) . The results of TS23 were also used to select highly variable fragments to be sequenced for the second and third set of accessions. The TS23 dataset resulted in a total of 98 polymorphisms (35 SNPs, 12 indels and 51 SSLPs, see Table 3 ). Table 3 lists the exact location in the cp genome of each polymorphism detected, whether polymorphisms were located in coding regions or not and whether polymorphisms in coding regions were synonymous or nonsynonymous. Of these 98 polymorphisms, 11 overlap the polymorphisms earlier reported in Sä ll et al. (2003) . The second dataset, TS113, was generated by sequencing nine of the 50 fragments studied in dataset TS23 (Table S1 ) in 90 additional A. thaliana accessions. This much larger set of A. thaliana accessions was used to determine which of the A. thaliana accessions were most similar to the A. suecica accessions. In this large set of A. thaliana accessions we were also able to assess the level of population structure in A. thaliana. Dataset TS113 contained 105 (90 + 15) A. thaliana and eight A. suecica accessions (Table 1) , in which a total of 27 polymorphisms were found (nine SNPs, five indels and 13 SSLPs).
The third dataset, S45, was generated by sequencing two of the 50 fragments in an additional 37 A. suecica accessions ( Table 2 ; only three fragments were variable for the eight A. suecica accessions sequenced in TS23; Table S1 ). These additional A. suecica accessions, which cover the entire range of distribution of the species, were investigated to detect (and if possible, evaluate) population structure and isolation-by-distance in A. suecica. Dataset S45 contained two polymorphic sites (one indel and one SSLP) in a total of 45 A. suecica accessions. We attempted to sequence the third fragment, known to be variable for A. suecica, but we did not include data on this fragment in dataset S45 because of typing difficulties, presumably because of a very long stretch of repeated DNA in this particular fragment.
Clustering
For the accessions in each dataset, pairwise allele-sharing distances, d, were computed for SNPs and indels using the following expression:
is the allele of the ith accession at the lth site and c i,j is the number of comparisons made for accession i and j. For the SSLPs, the pairwise average squared number of differences, dl 2 (Goldstein et al., 1995) was computed. For closely related accessions in which the T MRCA of the accessions is reasonably small, dl 2 is expected to scale linearly with time (Goldstein et al., 1995; Slatkin, 1995) . On the basis of these pairwise distance matrices, we obtained unrooted Neighbour-Joining trees (NJ-tree; Saitou & Nei, 1987) , using the computer program NEIGHBOUR NEIGHBOUR (Felsenstein, 2004, PHYLIP PHYLIP version 3.6, distributed by the author in question, Department of Genome Sciences, University of Washington, Seattle, WA, USA). Dataset TS113 contained a relatively small number of SNPs and indels (see Results), so in order to gain as much resolution as possible for this dataset we also constructed a combined distances matrix of SNPs, indels and SSLPs by adding the pairwise distances computed individually for each polymorphism type. For The evolutionary history of the cp genome of A. thaliana and A. suecica 109 TTTTTTTTCTA.
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The evolutionary history of the cp genome of A. thaliana and A. suecica 111 this combined distance matrix we chose to give SNPs and indels a weight of 10 relative to SSLPs. This (arbitrary) weighting was carried out to compensate, at least to some degree, for the expected differences in mutation rate of these polymorphism types. We also tested other weights (e.g. 2 and 100) for which the results were almost identical to the results acquired when only using the SSLPs and the SNPs and indels, respectively. From this combined pairwise distance matrix we obtained an unrooted NJ-tree. Finally, an unrooted NJ-tree was obtained in a similar way for all 32 Swedish accessions of A. thaliana and all eight A. suecica accessions in dataset TS113.
Population structure
F ST was computed, based on the groups in question, from the total average pairwise difference for all pairs of accessions,P total and the mean of the average pairwise difference within each group,P within (Hudson et al., 1992) :
where K is the number of groups. R ST was computed according to Slatkin (1995) for SSLPs. Correlations between the genetic and the geographic distance were used to infer isolation-by-distance. The genetic pairwise distances were computed and combined to one pairwise distance matrix for the accessions in question as described above. The pairwise geographic distance between each pair of accessions was computed from the geographical locations of the different accessions (Tables 2 and 3 ). The correlation between the genetic distance and the geographical distance was calculated for each pairwise comparison of accessions, using the Spearman rank correlation coefficient (Sokal & Rohlf, 1995) . The Mantel test was used to determine the level of significance of the correlations (Mantel, 1967) .
Estimation of T MRCA
A probabilistic analysis employing a Markov Chain Monte Carlo algorithm (MCMC, Wilson & Balding, 1998) was conducted using the computer software BATWING BAT WING (Wilson et al., 2003) . The models used in the analysis were the standard coalescent, which assumes a constant population size (cpc), a coalescent model with constant exponential population growth (cgc) and a coalescent model with late exponential population growth (lgc). Several values of the growth parameter N c /N a (the ratio of the current to the ancestral population size) were tested for both population growth models and for the lgc-model different values of the start-of-growth were tested. The Stepwise Mutation Model (SMM) was used for SSLPs and the Infinite Sites Model for SNPs. The indels were not used in this analysis as homoplasy was found among them (see the results). Only perfect repeats with an average length >7 (44 loci) were considered as being SSLPs, as SSLPs of this type are more likely to be similar in their mutation rates and mutation processes. Two MCMC chains were run for 10 000 samples, with an initial burn-in of 2000 samples. A total of 40 branchswapping steps between successive attempts to update Q were proposed, 100 attempts to update Q being made between successive samples. A uniform prior distribution (0,100) was used for Q. For each chain, the posterior distributions of Q, T MRCA and the total tree length G were checked for nonconvergence. Finally, the samples from the two chains were combined to give a total of 20 000 samples (corresponding to 8 · 10 7 branch-swapping attempts). The posterior distributions of the combined data were then used to calculate the mean, the median and the 95% credibility interval for Q and T MRCA .
This MCMC approach is not feasible for estimating the T MRCA of the A. suecica cp as there were only two variable SSLPs and no SNPs among the 8 A. suecica accessions. The linear relationship between the average pairwise difference of repeat lengths of SSLPs, S, and T MRCA (Slatkin, 1995) was instead used to estimate the T MRCA of the A. suecica cp from estimates of the T MRCA of the A. thaliana cp. To be able to do that, we have to make two assumptions. First we assume that the mutation rate is the same in both A. suecica and A. thaliana. This may not be true, but all thoroughly investigated species in the Arabidopsis genera seem to have similar mutation rates (Koch et al., 2000) . Second, we assume that the SSLPs evolve under the SMM, which is also assumed by BATWING BATWING (Wilson & Balding, 1998) . Other mutational models of microsatellites are available, but we choose to use the same assumption as in BATWING BATWING for consistency. Unless the cpSSLPs truly evolves under the SMM, estimates of the divergence time will be biased when the SMM is used for inference and the bias will depend on which mutational model that actually governs the cpSSLPs.
In order to estimate the T MRCA we use (Slatkin, 1995 ; eqn 11b):
where t is the average coalescence time and E(S) is the expected value of S (eqn 3 holds for a SMM with a mean of 0 and a variance of 1). By substituting E(S) and t in eqn 3 by estimates of S and T MRCA , dividing eqn 3 for an A. thaliana sample by eqn 3 for an A. suecica sample, the following expression is obtained: A second approach to estimating the T MRCA of the A. suecica cp stems from the observation that there were no SNPs found in the A. suecica sample. Assume that the mutation rate l is the same for the A. suecica cp as for the A. thaliana cp. For a particular site, the probability p of not observing a mutation in T generations (¼years in A. suecica and in A. thaliana) for a sample that have the genealogy G (scaled in units of T MRCA ) is:
Then for L bp, the probability of not observing any mutations is:
By setting p ¼ 0.05 and solving for T, we have:
This can be considered as the upper limit of a 95% probability interval of not observing any mutations (SNPs) in a sample with the genealogy G. The lower extreme of G is 2 (when excluding the case of one branch only), which would be the result in a tree with only two branches. Such a tree would appear if all external nodes (accessions) fell into two groups, and the within-groupdistances are zero. For eight accessions, the upper extreme is G ¼ 8, which would be the result of a starlike tree, and for a neutral tree is E(G) ¼ 5.44 (e.g. Li, 1997) .
A third approach estimating the T MRCA of the A. suecica cp is based on the idea that it will take a certain amount of time for variation to accumulate in a species when starting from a very low level. The growth in diversity can be calculated by use of the following recursive formula (see e.g. Gillespie, 1998) :
where H t is the gene diversity at time t, N e is the effective population size and l is the total mutation rate. If N e increases to a stable level rapidly, this process can be described in approximate terms by the following expression (Malécot, 1948; Nei et al., 1975) :
The probability of no variation being observed in a series of eight accessions of A. suecica is:
where q i is the haplotype-frequency of haplotype i, assuming that the entire sequence acts as a single nonrecombining unit. A total of 11 indels were found among the 15 A. thaliana accessions, ranging from 1 to 23 bp in length (with an average of 6.9 bp). Only one of them was a singleton (Table 3 ). All of these indels were located in noncoding regions. The average gene diversity (H e ; Nei, 1987) on the basis of the indels was 0.37. Two homoplasies were found among the indels (out of 45 comparisons).
Results
Levels and pattern of variation in
In a study of the mutational dynamics of microsatellites in the cp genome of A. thaliana (M. Jakobsson, T. Sä ll, C. Lind-halldé n & C. Halldé n, unpublished data), the level of variation was found to be dependent upon the number of repeat units. In particular, we found very low levels of variation for loci with <7 repeat units. Accordingly, only SSLP loci with a mean number of repeat units >7 were considered in the following analysis (Table 3) . Of such loci, 72% (47 of 65) were variable, with an average H e of 0.30 and an average of 2.4 alleles per SSLP locus. When only loci with a mean number of repeat units >10, a commonly used cut-off point, were considered, 91% (29 of 32) of the loci were found to be variable. The average H e was 0.43 and the average number of alleles 3.1. All but one SSLP were located in noncoding regions. The SSLP located in a coding region was a compound of two SSLPs (position 115009; Table 3 ) which changes the aminoacid of a protein, but not the reading frame as the two alleles found have the same length.
A total of three variable sites were found among the eight A. suecica accessions in dataset TS23, two of them were SSLPs and one was an indel. Thus, no SNP was found. The indel locus, as described by Sä ll et al. (2003) , involved a 5 bp difference between the two alleles. The two SSLP loci each had two alleles among the A. suecica accessions. One of these SSLP loci was a mononucleotide repeat in which the two alleles were 19 and 20 repeat units long. The other SSLP locus was a dinucleotide repeat in which the alleles were 9 and 12 repeat units long. When only loci with a mean number of repeat units >10 were considered, 6% (two of 32) of the loci were found to be variable, the average H e was 0.02, and the average number of alleles was 1.06.
Phylogeny of the A. thaliana and A. suecica cp chromosome Two NJ-trees based on dataset TS23 were constructed, one for SNPs and indels and the other for SSLPs (Fig. 1a  and b) . The first tree was based on 35 SNPs and 12 indels, (eight and four, respectively, overlapping with those reported by Sä ll et al., 2003) and the second tree was based on 51 loci (none of which overlapped with those reported by Sä ll et al., 2003) . Both trees showed that the A. suecica accessions clustered together; the bootstrap support was, however, relatively weak (63% in both cases).
To search more widely for the A. thaliana accessions that are most genetically similar to A. suecica, an additional 90 A. thaliana accessions were typed for nine fragments, resulting in 27 polymorphic sites in a total of 105 A. thaliana and eight A. suecica accessions (dataset TS113). Note that we chose here to type two of the variable sites found in A. suecica, which leads to an overestimation of the genetic differences among A. suecica accessions. Then NJ-trees were obtained based on SNPs and indels, SSLPs and combining all of them. We here present the result of the combined data as there were relatively few polymorphisms of each individual type of polymorphism. The NJ-tree based on the combined data showed all the A. suecica accessions to cluster in one part of the tree together with 17 A. thaliana accessions (Fig. 2) . These A. thaliana accessions (An-1, Blh-1, Bu-0, EDEN, EDSÄ TER, Enkheim-1, Gr-1, Le-0, Nok-0, Rdl-1, Rsch-0, Sei-0, T120, T190, T20, T340 and T50) were mainly from central Europe (southern Sweden, Germany, the Netherlands, the Czech Republic, Austria, Belgium and northern Italy), but there were also two accessions from northern Sweden and one from western Russia. However, there was no strong bootstrap support of this cluster and central European A. thaliana accessions were also found outside this cluster. The trees based on either SNPs and indels or SSLPs showed similar patterns as the combined data, but the resolution was much lower for these trees. 
Geographic distribution of variation
To estimate the level of population structure in A. thaliana, the worldwide sample of A. thaliana accessions (dataset TS113) was divided into geographical groups. Nordborg et al. (2005) found strong evidence for population structure in A. thaliana on a worldwide scale as well as within Sweden. We therefore assigned the accessions to nine geographical groups which were defined by longitudes 54N and 43N and latitudes 20E and 40E. After removing the accessions from North America and Japan as A. thaliana was presumably introduced there very recently (Jørgensen & Mauricio, 2004; Nordborg et al., 2005) , six groups contained more than three accessions. For these six groups were F ST ¼ 0.22 (based on SNPs) and R ST ¼ 0.23 (based on SSLPs). We also found a small, yet clearly significant, correlation between geographic and genetic distance for A. thaliana (r S ¼ 0.079, p ¼ 0.0010), when the accessions from North America and Japan were excluded.
The subset including the 32 Swedish A. thaliana accessions from dataset TS113 (the Finnish A. thaliana accessions in dataset TS113 were excluded as there were only four of them) has a geographical distribution similar to that of the A. suecica sample in S45. These A. thaliana accessions, which represent most of the species range in Sweden, were divided into three groups on the basis of longitude: North Sweden (NSW) > 61N, 61N > Central Sweden (CSW) > 57N, South Sweden (SSW) < 57N. F ST was 0.50 and R ST was 0.52 for these three groups which means that about half of the variation is between these three groups that are oriented along a north-south axis. This fact indicates that A. thaliana is structured geographically in a north-south direction in Sweden. Note also that these F ST -and R ST -values are much higher than F ST and R ST of the worldwide sample.
If we construct a NJ-tree (and collapse all braches with bootstrap support <65%) of the same 32 accessions together with all the A. suecica accessions, a clustered pattern appears that, to some degree, corresponds to geography. Except for eight accessions (light blue in Fig. 3) , all the A. thaliana accessions from Sweden appeared in three distinct clusters. The first cluster (green in Figs 3 and 4) included eight accessions from SSW CSW (T160) CSW (T350) NSW (S60) NSW (S150) NSW (S300) NSW (S90) NSW (S130) NSW (S261 Table 1 ). The A. thaliana accessions clustered into four groups (light-blue, green, dark-blue and red; see also Fig. 4) . from the south-east of Sweden (Fig. 4) . The fourth cluster (light blue in Figs 3 and 4) contained six accessions from SSW (T120, T170, T190, T20, T340 and T50) and two from NSW (EDEN and EDSÄ TER), yet this cluster was not as distinct as the other ones, and within the cluster there were two branches with bootstrap support of 91% and 66%, respectively (Fig. 3) . Note that all A. suecica accessions fall into this cluster. To further investigate the pattern of geographical structure indicated in Figs 3 and 4 , we calculated the correlation between geographic and genetic distance (the combined distance of all three types of polymorphisms as described in the methods) for the 32 A. thaliana accessions from Sweden. A moderate, but clearly significant, correlation was observed (r S ¼ 0.141, p ¼ 0.0020). Thus, on this fairly small geographical scale A. thaliana was clearly structured into partly overlapping populations that each occupied one or two regions. Two of the three fragments known to be variable in A. suecica were sequenced for an additional 37 A. suecica accessions (dataset S45; see Material and methods) resulting in two polymorphic sites. The set of 45 studied accessions were chosen to effectively cover the entire range of the species (Hulté n, 1971; T. Sä ll, unpublished data). The two variable loci were both biallelic and there are thus four possible haplotypes for these two loci. However, only three haplotypes were found among the 45 A. suecica accessions and these three haplotypes were represented in both the Swedish and the Finnish accessions with no obvious geographical pattern discernable.
T MRCA of A. suecica and A. thaliana It is worth pointing out that the goal of this analysis is to date the time-of-origin of A. suecica. However, we can only hope to infer the lower bound of the time-of-origin because the T MRCA of the A. suecica cp may occur anytime between the present and the time-of-origin. To estimate the T MRCA of A. thaliana we used the MCMC method of Wilson & Balding (1998) . To infer a T MRCA the A. suecica cp we used the linear relationship between time and the average length difference among alleles at microsatellites evolving under a strict SMM (Slatkin, 1995) . This approach was chosen because there was almost no variation in A. suecica and using the approach of Wilson & Balding (1998) would therefore not be feasible. The data were analysed in three different model settings: a standard coalescent model (constant population size), a coalescent model with constant exponential population growth, and a coalescent model with late exponential population growth. Using the SNPs, the results for A. thaliana were very similar for the different models and almost completely unaffected model settings. The mean of T MRCA equals 0.97 for the standard coalescent model, with a 95%-credibility region (0.50, 1.76), scaled in N e (Table 4) . The MCMC analysis also provides estimates of Q (Table 4 ). The mean Q was 12.8, with a 95% credibility region (6.9, 21.8) for the standard coalescent model. Note that P and Q W presented above (7.24 and 10.20) were clearly within this credibility interval.
By contrast, estimates based on the 44 variable SSLP loci differed for the three models and the results were affected by the model settings (Table 4) . For a growing population the estimate of T MRCA was shorter than for a constant population size model, whereas the estimate of Q was higher than for a constant population size model. When the growth was initiated at a late stage (close to the present) the estimates of T MRCA and Q approached the estimates from the constant population size model. The credibility regions of T MRCA from SNPs and SSLPs overlap, to a large extent, the SSLP data indicating the time to the T MRCA to be shorter.
For A. suecica the T MRCA was estimated using the A. thaliana estimates in expression (4). For the eight A. suecica accessionsŜ s ¼ 0.091 and for the 15 A. thaliana accessionsŜ t ¼ 3.34. Then to get an estimate ofT MRCA;s we just have to multiply the estimate ofT MRCA;t for a particular model byŜ s =Ŝ t % 0:02725. For example, given the lgc-model, the estimate ofT MRCA;s of the cp is 0.020 (0.011, 0.032), which is about 1/37 as long asT MRCA;t . To get an idea of what these estimates mean in terms of years, we can assume that the population sizes of the two species are similar. Fig. 5 showsT MRCA;t andT MRCA;s scaled in years for a wide range of values of N e . If N e is >10 6 thenT MRCA;s is >11 000 years. However, if N e is allowed to be as low as 10 5 thenT MRCA;s would only be >1100 years. Based on the distribution range of the two species, we may instead assume that the population size of A. suecica is smaller than the population size of A. thaliana and the estimates ofT MRCA;s would then be proportionally smaller.
A second approach to dating A. suecica was based on the fact that no SNP variation was observed. Using expression (5) we found the 95% upper limits of T MRCA to be 53 000, 20 000 and 13 000 years ago, respectively, using Table 4 Estimates of the time to the most recent common ancestor (T MRCA ) and Q of Arabidopsis thaliana based on SNPs or microsatellites (SSLPs) using the computer software BATWING BATWING (Wilson & Balding, 1998) . The parameters were estimated under three different scenarios, constant population size (cpc), constant exponential population growth (cgc) and late exponential population growth (lgc). For the cgc-model and the lgc-model was the growth parameter N c /N a ¼ 10 000 (the ratio of the current to the ancestral population size) and for the lgc-model, the growth was limited to the last tenth of the T MRCA . The values given are means and in parenthesis, the 2.5% quantiles and the 97.5% quantiles. the lower extreme (two branches), the expectation of a neutral tree and the upper extreme (star phylogeny) of the topology G. These upper bounds suggest that if the T MRCA was beyond approximately 50 000, we would have found at least one SNP. Given a single origin of the A. suecica cp, all the variation present today must have developed as the species originated. The upper limit of a 95% probability interval of not observing any variation (only SNPs being considered) in 9699 bp sequenced in eight A. suecica accessions corresponds to a H e of 0.43 (in the case of only two possible haplotypes). Using a mutation rate of 2.9 · 10 )9 per bp (Sä ll et al., 2003) , which means a mutation rate of 2.8 · 10 )5 for a sequence of 9699 bp, the corresponding values for T MRCA were computed for increasing values of N e of A. suecica (Fig. 6) . Thus, for this simple scenario, the T MRCA of the A. suecica sample was consistent with <20 000 years ago if N e > 16 200 and with <12 000 years ago if N e > 40 000. On the other hand, if N e < 14 000, the time-of-origin could be >30 000 years ago.
Discussion
Levels and pattern of variation
The cp genome of A. thaliana is variable with respect to SNPs, SSLPs as well as indels. Thus the general observation of A. thaliana as a highly variable species with respect to the nucleus (Nordborg et al., 2005) is true for the cp as well. The fact that the SNPs behaved as UEP was expected, but more interesting is the fact that the indels indicated a recurrent occurrence of mutations. The cause of this is not known but one can speculate that it is because of the mutational process. With respect to A. suecica, Sä ll et al. (2003) found only one polymorphism in the A. suecica when sequencing roughly 4 kb of from eight A. suecica accessions. One of the objectives of the present investigation was to extend the number of polymorphisms in A. suecica in order to make detailed analyses of population structure in the species. In spite of an extensive effort, we only managed to find two additional polymorphisms, both of which were SSLPs. The mutations appeared to have occurred in loci with relatively large numbers of repeat units, a finding consistent with the observation that the mutation rate increases with the number of repeat units of microsatellites. Our results show that A. suecica is a species with a genuinely low level of molecular variation in its cpDNA.
No evidence of selection acting on the cp genome of A. thaliana was found. As the cp genome codes for several proteins that are important for its functioning, selection is expected to act on the cp genome. Moreover, selection pertaining to a particular gene affects the entire cp genome as recombination within it is expected to be rare or nonexistent (Palmer, 1987; Palmer et al., 1988) . Although Tajima's test is a common test of selection, the demography of the tested sample affects the outcome of the test (see e.g. Hein et al., 2004) . The size of the A. thaliana population probably expanded dramatically since the last ice age (Nordborg et al., 2005) . This population expansion is particularly apparent in northern Europe, as this region was completely covered by ice during the last ice age (Andersen & Borns, 1994) . Although both purifying selection and population expansion are expected to shift Tajima's D towards negative values, the value obtained here was not statistically significant.
Population structure in A. thaliana
We found indications of population structure within A. thaliana at global level. Sharbel et al. (2000) obtained Fig. 5 The time to the most recent common ancestor of the cp genome for a sample of 15 Arabidopsis thaliana (black) and eight Arabidopsis suecica (grey) accessions. N e is the scaling factor, the effective population size of both species. The dotted lines show the 95%-credibility interval. a correlation coefficient of 0.24 between geographic distance and genetic distance when studying 79 nuclear AFLP markers from a worldwide sample of 113 A. thaliana accessions. Nordborg et al. (2005) found that the worldwide A. thaliana population was structured using 876 sequenced nuclear fragments from 96 worldwide accessions. Although our study used a different set of samples and targeted a different genome than the Nordborg et al. (2005) study, a similar picture of a global population structuring of the species was found in our study.
When only A. thaliana accessions from Sweden were investigated we found stronger patterns of geographic structure than in the worldwide sample. The high F ST and R ST values for a north-south division of the Swedish accessions, as well as the relatively high correlation between the geographic and genetic distances, may be a result of the recolonization of Fennoscandia (Sweden, Norway and Finland) from two glacial refugia (Sharbel et al., 2000) . One recolonization path may have been from the northeast and the other from the south. A variety of other taxa show similar patterns of geographic structure in Fennoscandia, for example mammals (reviewed by Jaarola et al., 1999) and plants (Berglund & Westerbergh, 2001; Malm & Prentice, 2002) .
The limited level of variation in A. suecica provides very weak power for investigating the level of population structure in this species. It is still noteworthy that all haplotypes observed were found in both Sweden and Finland.
Phylogeny
The A. suecica accessions falls onto a single branch in both trees in Fig. 1 . Although the support is low, the clustering of A. suecica in these two trees, in combination with its low level of variation, is consistent with the A. suecica cp genome having a single origin. As the cp genome represents only a single evolutionary data point, its utility for inferring the evolutionary history of a plant is limited. Each cp study of a species must therefore be viewed as a simple case history rather than providing a general description of how the species has evolved. Strictly speaking, the indication in our case about the single origin is only valid for the eight investigated accessions. The probability that the deepest split in a population would be represented in a sample of only eight is, however, as high as 0.78 under neutrality (see e.g. Nordborg, 2001) .
If the species had more than one origin and the (maternal) parents of the different founding individuals of A. suecica happened to be genetically very similar, then it would be very difficult today to detect whether there were more than one origin. However, from a genetic point of view this case may be viewed as an instance of a species having effectively a single origin. It is of course also impossible to show that every individual of species such as A. suecica originates from one origin, as there is always a chance that a local minority exists with a different origin from the rest of the species. Finally, note that the results presented here concern the cp chromosome alone. It is still possible that the cp genome is of single origin although the nuclear genome of the species has a more complex background.
Arabidopsis thaliana was found to have a clear but weak level of population structure on the global scale. It is therefore not surprising that the A. thaliana accessions that show the greatest similarity to A. suecica are geographically well dispersed. We still find the lack of A. thaliana accessions from Finland and Central Sweden in this group conspicuous, however. Thus, the earlier observation by Sä ll et al. (2003) that A. suecica is associated with southern Scandinavian/central European accessions of A. thaliana, rather than those from central Sweden and Finland, was also suggested by the present, much larger dataset.
T MRCA of A. thaliana and A. suecica
Regardless of the number of origins of A. suecica, a single MRCA of the entire cp genome of A. suecica exists, given that no recombination in the cp genome has occurred. We have attempted to date this MRCA of the cp genome which, in the case of a single origin, is also the lower bound of the time-of-origin of the species.
Our results indicate that the branch containing the A. suecica accessions originated during the last several tens of thousands of years. We could not exclude the possibility that A. suecica originated less than 10 000 years ago behind the retreating ice of the last ice age. Neither could we exclude the possibility that A. suecica originated somewhere south of Fennoscandia and then migrated north into its present range in Fennoscandia. However, taking the results of the different analyses into consideration, there appeared to be an upper limit to the T MRCA of the A. suecica cp genome of about 50 000 years ago and a lower limit of about 10 000 years ago. Thus, the origin of A. suecica may have coincided with the ending of the last glaciation, which was a gradual process occurring over a period of several thousand years, from about 15 000 to 9 000 years ago (Andersen & Borns, 1994) . It is possible that the survival of this new species was aided by the dramatic ecological changes occurring during that period.
